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The voltage dependence of Ih in human myelinated axons
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Key points

• Pacemaking in cardiac and neuronal cells is primarily controlled by the interaction between
different voltage gated ion channels, and in particular the hyperpolarization-activated
cyclic-nucleotide gated (HCN) family of channels.

• HCN channels are activated by membrane hyperpolarization and play a key role in the
determination of resting membrane potential.

• We provide evidence suggesting that differences in (i) the modulation and expression of HCN
channels, (ii) the expression of slow K+ channels; and (iii) the resultant changes in resting
membrane potential are the major determinants of the functional differences between human
motor and sensory axons.

• Contrary to current wisdom, this study supports the view that the greater persistent Na+

current observed in sensory axons is not due to greater expression of persistent Na+ channels
but instead to the relatively depolarized membrane potential driving greater resting activation.

Abstract HCN channels are responsible for Ih, a voltage-gated inwardly rectifying current
activated by hyperpolarization. This current appears to be more active in human sensory axons
than motor and may play a role in the determination of threshold. Differences in Ih are likely to
be responsible for the high variability in accommodation to hyperpolarization seen in different
subjects. The aim of this study was to characterise this current in human axons, both motor and
sensory. Recordings of multiple axonal excitability properties were performed in 10 subjects, with
a focus on the changes in threshold evoked by longer and stronger hyperpolarizing currents than
normally studied. The findings confirm that accommodation to hyperpolarization is greater in
sensory than motor axons in all subjects, but the variability between subjects was greater than
the modality difference. An existing model of motor axons was modified to take into account the
behaviour seen with longer and stronger hyperpolarization, and a mathematical model of human
sensory axons was developed based on the data collected. The differences in behaviour of sensory
and motor axons and the differences between different subjects are best explained by modulation of
the voltage dependence, along with a modest increase of expression of the underlying conductance
of Ih. Accommodation to hyperpolarization for the mean sensory data is fitted well with a value
of −94.2 mV for the mid-point of activation (V 0.5) of Ih as compared to −107.3 mV for the
mean motor data. The variation in response to hyperpolarization between subjects is accounted
for by varying this parameter for each modality (sensory: −89.2 to −104.2 mV; motor −87.3 to
−127.3 mV). These voltage differences are within the range that has been described for physio-
logical modulation of Ih function. The presence of slowly activated Ih isoforms on both motor and
sensory axons was suggested by modelling a large internodal leak current and a masking of the
Na+/K+-ATPase pump activity by a tonic depolarization. In addition to an increased activation
of Ih, the modelling suggests that in sensory axons the nodal slow K+ conductance is reduced,
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with consequent depolarization of resting membrane potential, and action potential of shorter
duration.
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Introduction

The voltage-gated inwardly rectifying current Ih

flows through hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels and plays an important
role in pace-making and determination of resting
membrane potential (Pape, 1996; Biel et al. 2009). Recent
studies in vivo have suggested a contribution of Ih to the
determination of axonal threshold in human motor axons
(Trevillion et al. 2010) and to a number of pathologies
including diabetes, stroke and porphyria (Horn et al.
1996; Jankelowitz et al. 2007; Lin et al. 2008). HCN
channels are of particular interest as molecular targets for
neuropathic pain resulting from traumatic nerve damage
or channelopathy (Chaplan et al. 2003; Momin et al. 2008;
Momin & McNaughton, 2009; Wickenden et al. 2009).

Sensory axons undergo ectopic activity more readily
than motor axons (Erlanger & Blair, 1938; Mogyoros
et al. 2000). Bostock and colleagues (1994) suggested
that greater expression of Ih in sensory axons than
motor was a factor in post-ischaemic paraesthesiae and
the greater accommodation of sensory axons to hyper-
polarizing currents. This view has been supported by sub-
sequent studies (Lin et al. 2002; Kiernan et al. 2004).
Additionally, increased expression of Ih has been suggested
as a contributing factor to the greater anode break hyper-
excitability seen in sensory axons (Bostock et al. 1994;
Stephanova & Mileva 2000). In a study of motor axons
of subjects who had suffered an ischaemic stroke the
key difference was a reduction in accommodation to
hyperpolarization on the affected side (Jankelowitz et al.
2007). Decreased expression of Ih and of the internodal
leak conductance accounted for a 77% reduction in the
discrepancy between the affected and unaffected sides.

With one exception, previous studies have focused
on the average response of a group of subjects, and
have ignored the possibility of differences between sub-
jects. Tomlinson and colleagues (2010) applied longer
and stronger hyperpolarization to the motor axons of
15 subjects, performed repeated measures, and found a
high degree of variability in response to hyperpolarization
between subjects, but not within the same subject. They
attributed these findings to the possibility that there

was more than one isoform of HCN channels and/or
to differences in metabolic factors such as cAMP which
are known to modulate the voltage activation of Ih. In
a recent study exploring the ionic basis of threshold
to electrical stimulation (Trevillion et al. 2010), greater
inward rectification was found in low-threshold motor
axons, and this could be modelled by a near doubling
of the expression of Ih and leak conductance across the
internodal axolemma.

In the present study the responses of sensory axons
to strong long-lasting hyperpolarization are contrasted
with those of motor axons in the same subjects. A
mathematical model of human sensory axons is developed
and used to provide insight into the mechanisms under-
lying the differences between axons of different modality.
The findings emphasize the importance of differences
in channel gating in addition to differences in channel
expression and provide evidence for the possibility of HCN
isoforms with a slow time constant on both motor and
sensory axons.

Methods

Thirty experiments were performed in 10 healthy subjects
with no evidence of a peripheral neuropathy. The research
conformed to the Declaration of Helsinki and local ethics
approval was obtained from the University of Sydney’s
Human Research Ethics Committee. All subjects provided
informed written consent prior to commencement of the
study.

The sensory and motor studies in each subject were
performed in the same session with the same stimulating
electrode set-up. The cathode was placed in line with
the median nerve at the proximal wrist crease and the
anode approximately 10 cm proximal on the radial edge
of the forearm. Compound muscle action potentials
(CMAPs) were measured with disposable ECG electro-
des (ClearTrace Ref 1700-030; ConMed; Utica, NY, USA)
over the thenar eminence and the reference electrode over
the proximal phalanx of digit one. A self-adhesive electro-
surgical plate (no. 1180; 3M Healthcare; St Paul, MN,
USA) was cut down, coated with Redux Creme (Parker
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Laboratories; Fairfield, NJ, USA) and placed over the palm
to provide a large reliable ground electrode. Compound
sensory action potentials (CSAPs) were recorded with
self-adhesive disposable ring electrodes (RE-D; Electrode
Store, Enumclaw, WA, USA), with the active electrode at
the proximal end of digit two and the reference at the
proximal end of the middle phalanx. Temperature was
measured continuously with a thermistor close to the site
of stimulation. The forearm was wrapped in a towel, and
studies commenced only when the temperature was stable
and greater than 32◦C.

The CMAPs and CSAPs were amplified (×200 for
motor; ×10k for sensory) and bandpass filtered (2 Hz
to 2 kHz) using a purpose-built battery-powered iso-
lated amplifier with low noise and high common mode
rejection. The amplified signals had mains frequency
noise removed using a HumBug 50/60 Hz noise eliminator
(Quest Scientific; North Vancouver, BC, Canada) and
were then digitised with a 16-bit data acquisition system
(NI-USB6251; National Instruments; Austin, TX, USA).
Stimulation was delivered by a DS5 Isolated Bipolar
Constant Current Stimulator (Digitimer; Welwyn Garden
City, UK). Both the stimulation and data acquisition
were controlled by QtracS software ( C©Prof Hugh Bostock;
Institute of Neurology, London, UK).

Excitability protocols

A stimulus–response curve was recorded so that the
amplitude of the target potential could be defined. For
both motor and sensory recordings the target potential
was set to be 50% of maximal amplitude. The threshold for
the target potential was tracked using a 1 ms test stimulus.
In the present study it was important to optimise the
comparison between sensory and motor recordings, and
the same test stimulus was therefore used for both sensory
and motor axons. However, most studies on sensory axons
use a test stimulus width of 0.5 ms, to minimise the
effects of temporal dispersion (Kiernan et al. 2001) so that
additional sensory recordings were made with 0.5 ms test
stimuli. For two excitability measures, threshold electro-
tonus and the current–threshold relationship, the strength
of the conditioning polarizing currents was set as a
percentage of the threshold of the target potential (that
is, control threshold).

The strength–duration time constant (SDTC) was
calculated by plotting the threshold stimulus charge
against stimulus duration for test stimuli of five different
durations. The stimulus widths used in the motor
recordings were 0.2, 0.4, 0.6, 0.8 and 1.0 ms, and in the
sensory recordings were 0.1, 0.2, 0.3, 0.4 and 0.5 ms.

Current–threshold (I–V ) relationships were recorded
by measuring the threshold for the target potential at the
end of a 200 ms polarizing current (standard duration).

The strength of the polarizing current was adjusted in
10% steps from +50% of control threshold (depolarizing)
to −100% of control threshold (hyperpolarizing). A
current–threshold relationship was also recorded using
a 100 ms polarizing current (shorter duration) adjusted
in strength as described for the 200 ms polarizing current.
The threshold changes induced by the shorter duration
conditioning current were recorded in order to obtain
greater detail about the time course of accommodation to
hyperpolarization.

The standard threshold electrotonus protocol using
currents ±20% and ±40% of threshold was modified.
Depolarizing currents of +40% are often not subthreshold
for sensory axons, especially with 0.5 ms test stimuli
(Burke et al. 2007; Trevillion et al. 2007), and regularly
produce an artefact on the threshold electrotonus wave-
form. As a result, a 100 ms long +30% depolarizing
current was also used in the sensory studies. Activation
of Ih was explored using two additional hyperpolarizing
currents, 70% for 200 ms and 100% for 300 ms (Tomlinson
et al. 2010).

The recovery cycles of motor and sensory axons were
recorded using 18 different conditioning–test intervals
from 2 to 200 ms. The strength of the conditioning
stimulus was set to be three times the control threshold
to ensure that it was supramaximal. Measurements of the
conditioned potential were made after subtraction of the
conditioning potential.

Mathematical modelling

An existing mathematical model (the Bostock model;
Fig. 1) of the human motor axon (Bostock et al. 1991;
Kiernan et al. 2005; Bostock, 2006; Jankelowitz et al.
2007; Lin et al. 2008; Trevillion et al. 2010) was modified
to interpret the measured responses to extended hyper-
polarization and, in particular, the contribution of Ih to
accommodation. The Bostock model lends itself well to the
simulation of axonal excitability studies which stimulate
superficial nerves with relatively large surface electrodes
(effectively space-clamped stimulation). For modelling
the behaviour of human axons, this model reproduces
axonal excitability with detailed ionic contributions and
simplified axonal geometry. The Bostock model has
evolved from the Barrett & Barrett (1982) model of
depolarizing afterpotentials in lizard and frog axons,
with ionic conductances initially determined by intra-
cellular and extracellular studies of rat spinal root
myelinated axons (Baker et al. 1987) and by current- and
voltage-clamping of the human node of Ranvier (Scholz
et al. 1993; Schwarz et al. 1995; Reid et al. 1999). Later
studies of latent addition in human motor and sensory
axons led to the inclusion of persistent Na+ channels in
the model (Bostock & Rothwell, 1997). The relevant values
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Table 1. Modelled parameters producing the greatest error reduction

Parameter Description Motor Sensory

PNaN (cm3 s−1 × 10−9) Permeability of Na+ channels at the node 4.35 4.35
PNap% (%) % of Na+ channels that are persistent 1.07 1.07
GKsN (nS) Max. conductance of slow K+ channels at the node 56.7 29.1
GKsI (nS) Max. conductance of slow K+ channels at the

internode
0.57 1.74

GKfN (nS) Max. conductance of fast K+ channels at the node 18.2 19.4
GKfI (nS) Max. conductance of fast K+ channels at the

internode
207 205

GH (nS) Max. conductance of Ih 2.95 4.1
GLkN (nS) Leak conductance at the node 1.97 1.69
GLkI (nS) Leak conductance at the internode 4 3.65
GBB (nS) Barrett–Barrett conductance 35.9 40.3
Aam (ms−1)† Activation rate of transient Na+ channels 6.54 6.25
Aah (ms−1)† Inactivation rate of transient Na+ channels 0.126 0.153
Aq (ms−1) †‡ Activation rate of Ih channels 5.22 × 10−3 5.22 × 10−3

Bq (mV) Voltage of half-activation of Ih channels −107.3 −94.2
Cq (mV) ‡ Voltage activation slope factor of Ih channels −12.2 −12.2
EIR (mV) Internodal resting membrane potential (internodal

pump current; nA)∗
−84.6 (−7.86 × 10−3) −81.3 (−4.3 × 10−3)

ENR (mV) Nodal resting membrane potential (nodal pump
current; nA)∗

−84.4 (−3.33 × 10−2) −80.3 (−5.44 × 10−2)

Key differences between motor and sensory axons are highlighted in bold. †Activation rates at 36◦C. ‡These values of Aq and Cq
are presented here for completeness. They are not substantially different from the earlier Bostock model (4.30 × 10−3 ms−1 and
−13.2 mV respectively) and over this range they do not appreciably alter the final model fits. ∗The Na+/K+-ATPase pump current
itself is hyperpolarizing and is masked here by a tonic depolarization (shown by the negative pump currents).

are listed in Table 1, left column, as modified in the pre-
sent study to reproduce the extended hyperpolarization
for motor axons introduced recently (Tomlinson et al.
2010).

This space-clamped, two-compartment model consists
of a node and internode linked by the paranodal
Barrett–Barrett pathways through and under the myelin
sheath (Barrett & Barrett, 1982; Mierzwa et al. 2010),

Figure 1. The Bostock model of the human motor axon
Schematic description of the key nodal and internodal features of the mathematical model. Voltage-gated channels:
sodium (transient (Na) and persistent (Nap)); potassium (fast (Kf) and slow (Ks)); HCN (H). Na+/K+-ATPase pump
(Ipump). Ohmic leak conductance (Lk). Capacitance of: axolemma (internodal (Cax), nodal (Cn)); myelin sheath (Cm).
Barrett–Barrett conductance (RB−B) through and under the myelin sheath.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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and has the key components of: transient and persistent
Na+ channels, fast and slow K+ channels, a single HCN
isoform, Na+/K+-ATPase pump, membrane and myelin
capacitances, and leak conductances across the axolemma.
Stephanova & Bostock (1996) further compartmentalized
the internode of this model and found that the increased
morphological complexity added no greater insight into
axonal function.

The model was run in an unclamped mode, which
allowed secondary changes due to the polarization of
resting membrane potential (RMP), caused by changes in
conductances or pump currents. No restriction was placed
on the direction of flow of the constant amplitude (DC)
‘pump’ currents, so it is possible that these ‘pump’ currents
are actually a composite of Na+/K+-ATPase activity and
other unspecified tonic and slowly gated conductances (see
Discussion).

The MEMFIT function (Bostock, 2006) within the
QtracP software was used to fit objectively the model
parameters to the motor excitability data. The parameters
of this model were altered iteratively to reproduce the
extended motor data recorded in this study. The fitting of
these extended excitability data presented some unique
challenges that needed to take into account the large
variation between subjects in the responses to strong
hyperpolarization. The model optimisation uses a least
squares approach which aims to minimise the error
between the model and the average data. A goodness of
fit measure of the ‘discrepancy’ between the model and
the recordings was obtained by weighting the errors of
the four components of the excitability data as follows:
strength–duration data, 0.5; threshold electrotonus, 3;
recovery cycle, 1; current–threshold, 1. The optimisation
procedure normally takes into account the variation of
data within each component by inversely weighting each
data point according to its standard deviation, but because
of the observed variation in the hyperpolarizing electro-
tonus data, the optimisation employed here ignored the
standard deviations and thereby fitted the mean data as
closely as possible.

Having optimised the model to fit the motor excitability
data, the model was then adapted to fit optimally the
extended sensory (1 ms test width) excitability data. The
validity of the new sensory model was then further tested
against the 0.5 ms sensory data.

Results

Thirty recordings of nerve excitability with extended
electrotonus and current–threshold relationships were
obtained in 10 subjects in the same session with
stable temperatures (motor 33.9 ± 0.2◦C; sensory (1 ms
test width) 34.0 ± 0.2◦C; sensory (0.5 ms test width)

33.9 ± 0.2◦C). There were no significant differences in
temperature between any of the recordings (P > 0.7).

Sensory excitability

Accommodation to hyperpolarization. In conventional
threshold electrotonus recordings, it may not be
appreciated that there is accommodation to a 100 ms
long 40% hyperpolarizing current because the increase in
threshold does not reverse. This was also the case for the
200 ms long 70% hyperpolarization in the present study
(Figs 2A and 3A).

In eight out of the 10 recordings, accommodation
appeared complete at the end of a 300 ms 100%
hyperpolarization (Fig. 3A). The greatest hyperpolarizing
change in threshold occurred 100–110 ms after the
conditioning onset and was −359 ± 12% (mean ± SEM;
Fig. 2A) with a range of −425% to −304% (Fig. 3A). The
extent of accommodation was quite variable, ranging from
57% to 104% (Fig. 3A) with a mean of 85 ± 5% (Fig. 2A),
and was not correlated with the hyperpolarizing change
in threshold (Pearson product moment correlation,
P = 0.44).

Figure 2C shows mean sensory data for the
current–threshold relationship at the end of 100 ms (left
filled circles) and 200 ms (right filled circles) conditioning
stimuli. Excitability (measured as a threshold reduction)
is the threshold analogue of membrane potential, and
the slope of the current–threshold relationship (Fig. 2D)
is therefore an analogue of conductance. Both the
100 ms and 200 ms conditioning stimuli resulted in
a hyperpolarization-activated conductance which did
not appreciably grow with further hyperpolarization
(left-most data points Figs 2D, 4D and 5B).

The recovery cycle. The recovery of excitability after
an action potential, tested here with 1 ms stimuli,
did not differ significantly from the normative values
established by Kiernan & colleagues (2001) using 0.5 ms
stimuli. Refractoriness at 2.5 ms was 31 ± 4%, the relative
refractory period was 3.5 ± 0.1 ms and superexcitability
was −16 ± 2% (Fig. 2B).

Strength–duration time constant. The mean
strength–duration time constant of 561 ± 49 μs for
sensory axons in the present study is in good agreement
with the value of 527 μs obtained by Kiernan and
colleagues (2001), and these data are compared in Fig. 6.

Comparison with conventional sensory recordings. As
expected control thresholds were lower with 1 ms test
stimuli, 2.9 ± 0.3 mA, than with the conventional 0.5 ms
studies, 3.7 ± 0.4 mA (P < 0.008). The amplitude of the
maximal CSAPs produced by supramaximal stimuli were

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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not significantly different (1 ms, 78.3 ± 13.9 μV; 0.5 ms,
79.9 ± 13.7 μV; P = 0.37), suggesting that differences in
dispersion of the CSAPs were minor. Not surprisingly, the
latency to half-peak was longer for the 1 ms recordings
(1 ms, 3.6 ± 0.1 ms; 0.5 ms, 3.4 ± 0.1 ms, P < 2 × 10−6).

Motor excitability

Motor axons were studied here in the same session using
the 1 ms test stimulus width (except for measurements
of SDTC as stated above) and with the extended hyper-
polarizing conditioning stimuli.

Accommodation to hyperpolarization. Previous studies
have assumed that the difference in accommodation to
hyperpolarization between motor and sensory axons is
due to a lower expression of HCN channels in motor
axons (Bostock et al. 1994; Lin et al. 2002; Tomlinson

et al. 2010). This difference in accommodation is clearly
seen in the mean threshold electrotonus data pre-
sented in Fig. 4A. The current–threshold relationship,
however, suggests an additional (slower) conductance.
This becomes apparent at the most hyperpolarized levels
of the 200 ms conditioning stimulus as a steepening
of the curve in Fig. 4C, seen more clearly in the
I–V slope plot (Fig. 4D). Figure 5 compares the hyper-
polarizing portion of the current–threshold relationship
for sensory and motor axons, where, for motor axons,
an additional conductance appears for conditioning levels
hyperpolarized by more than 40%.

Excitability measures sensitive to membrane potential.
The studied measures of axonal excitability are sensitive
to changes in membrane potential (Kiernan & Bostock,
2000). The most reliable parameters that are sensitive to
polarization are: TEd90–100 (threshold reduction at the

Figure 2. Mean sensory nerve excitability data and best-fit from the mathematical model
Extended excitability data for sensory axons (•; n = 10; mean ± SEM (dashed lines)) and the mathematical model
simulation (◦). A, threshold electrotonus for conditioning levels of ±30%, ±40%, −70% and −100% of control
threshold. B, recovery cycle. C, current–threshold (I–V ) relationship for 100 ms and 200 ms conditioning stimuli.
D, I–V slope (threshold conductance) for the data presented in C.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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end of a 100 ms depolarization); resting I–V slope (an
analogue of the resting input conductance); and super-
excitability (largely due to the effect of the depolarizing
after-potential). Motor axons had significantly greater
TEd90–100 (motor, 45.7 ± 0.7%; sensory, 41.3 ± 1.2%,
P < 0.002); significantly lower resting I–V slope (motor,
0.57 ± 0.02; sensory, 0.75 ± 0.07, P < 0.02, indicated by
the arrows in Fig. 5); and greater superexcitability (motor,
−22.0 ± 2.2%; sensory, −16.0 ± 2.2%, P < 0.002). A
factor in these differences could be that sensory axons
are probably more depolarized than motor axons (see
Modelling, below).

Other excitability measures. The present study
confirmed earlier findings of a shorter strength–duration
time constant in motor axons (425 ± 23 μs, P < 0.005;
Fig. 6; see Mogyoros et al. 1996; Kiernan et al. 2000, 2001).
There were significant differences in the recovery of
excitability following discharge (Fig. 4B). Refractoriness

was significantly lower (8.5 ± 2.9% at 2.5 ms, P < 0.0004)
and the relative refractory period significantly shorter
(2.8 ± 0.1 ms; P < 3 × 10−5) in motor than sensory axons.
Although there was greater superexcitability in motor
axons (−22 ± 2%; P < 0.002; as in Kiernan et al. 1996),
late subexcitability was not found to be significantly
different (16 ± 1%; P = 0.12; unlike Kiernan et al. 1996)
between motor and sensory axons.

Modelling

The adaptation of the Bostock model to the extended data
for motor axons required neither additional ion channel
types nor any changes to those properties primarily
reflecting axon morphology. Further, no such changes
were required when the model was modified to fit the
sensory data. The equations underlying the model are
given in the Appendix, and the key parameters giving the
greatest error reduction are listed in Table 1.

Figure 3. Individual sensory nerve recordings and sensory model
Individual sensory nerve recordings (n = 10; 1 ms test stimulus) of extended threshold electrotonus (A)
(conditioning levels of ±30%, ±40%, −70% and −100% of unconditioned threshold), and current–threshold
(I–V ) (C) (for clarity, only the 200 ms conditioning stimulus data is displayed). Threshold electrotonus (B) and I–V
(D) as generated by the sensory axon model with variation of V0.5 for Ih from −89.2 to −104.2 mV in 5 mV steps.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Motor axons. Increases in the nodal slow K+ and
the internodal fast K+ conductances over those in
the Bostock model contributed the most to the nodal
resting membrane potential of −84.4 mV (3.0 mV hyper-
polarized). Although not directly measurable, this resting
membrane potential is within the range of previous studies
on myelinated nerve (Chiu et al. 1979, −80 mV, rabbit;
Brismar, 1980, −80 mV, rat; Neumcke & Stämpfli, 1982,
−78 mV, rat; Bostock et al. 1991, −86.7 mV, human;
Halter & Clark, 1991, −78 mV, mammalian model;
Schwarz et al. 1995, −84 to −86 mV, human; Stephanova
& Bostock, 1995, −86.7 mV, human model).

Strong and long-lasting hyperpolarization revealed a
lesser role for the modelled Ih conductance and a greater

role for the leak conductance across the internodal
axolemma than in the Bostock model. The internodal leak
conductance probably incorporates a contribution due to
slower HCN isoforms, the activity of which would have
remained fairly constant, even for the longer conditioning
used in this study. All voltage activation and kinetics
parameters associated with the Ih conductance were
allowed to vary (Table 1), and the most sensitive parameter
was Bq (the voltage of half-activation, which was more
hyperpolarized than in the Bostock model, by 4.2 mV;
comparable to the hyperpolarization of the internodal
RMP by 3.1 mV). Variation of Bq from the value obtained
for the group data by −20 mV to +20 mV accounted
for the variation in response to hyperpolarization seen
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Figure 4. Mean motor and sensory nerve excitability
Extended excitability data for motor (•) and sensory (◦; same data as in Fig. 2) axons (n = 10;
mean ± SEM [dashed lines]), both recorded using 1 ms test stimuli. A, threshold electrotonus for conditioning
levels of ± 40%, −70% and −100% of control threshold. B, recovery cycle. C, current–threshold
(I–V ) relationship for 100 ms and 200 ms conditioning stimuli. The 100 ms conditioning stimuli resulted
in a larger decrease in excitability at −100% as less accommodation to hyperpolarization developed
over the shorter time span. D, I–V slope (threshold conductance) for the data presented in C.
Note the greater accommodation of sensory axons in A, C and D. Also note that in motor axons the longer polarizing
currents produce a delayed increase in accommodation (C) and increase in I–V slope (threshold conductance; D),
comparable with that of sensory axons.
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Detail of the most hyperpolarized portion of the current–threshold relationship data in Fig. 4D. A, I–V slope
(threshold conductance) for motor axons (•; mean data; n = 10) for 100 ms and 200 ms conditioning stimuli. B,
threshold conductance for sensory axons (◦; mean data; same subjects as in A). Mean values of resting I–V slope
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in the recordings for different subjects (see Fig. 7B
and D).

Sensory axons. A model of sensory nerve was achieved
by adjusting the parameters of the new motor model in
order to minimise the weighted least squares error between
the model and the 1 ms sensory data (see Methods). The
overall reduction in discrepancy between the model and

Figure 6. Strength–duration time constant
Strength–duration time constants for motor (filled symbols) and
sensory (open symbols) studies. Means (continuous lines) ± SEM
(dotted lines). Data from the first published normal control studies
are presented for comparison (squares). Data from the 10 subjects in
the present study (circles; lines link the same subject).
Strength–duration time constants as estimated by the mathematical
model for sensory and motor axons (triangles).

the sensory data was 98.8%, made up of reductions in
discrepancy of 99.9% for strength–duration time constant,
98.5% for threshold electrotonus, 91.4% for recovery cycle,
and 99.6% for current–threshold relationship. The fit
of this new sensory model to the mean data is shown
in Fig. 2 (open circles) and Fig. 6 (right-most triangle,
open). Varying Bq (the voltage of half-activation of the Ih

conductance) from the value obtained for the group data
(by −10 mV to +5 mV) again mirrored the variation in
excitability seen in the individual recordings from different
subjects (Fig. 3).

The sensory model, derived from the 1 ms data, was
then tested against the 0.5 ms sensory data recorded in the
same session, yielding an overall reduction in discrepancy
of 95.8% compared to the motor model. Additionally, the
range of responses to hyperpolarization was again suitably
modelled by varying Bq by −10 mV to +5 mV.

The time constants of activation were calculated from
the modelling and correspond closely to the kinetics of the
fastest HCN isoform, HCN1 (motor, 36 ms at −140 mV,
79 ms at RMP; sensory, 12 ms at−140 mV, 162 ms at RMP)
confirming earlier findings (Moosmang et al. 2001; Biel
et al. 2009).

Unlike earlier studies that proposed a doubling of
the expression of Ih between sensory and motor axons
(Bostock et al. 1994; Lin et al. 2002), the present study
found that the increased activity of Ih in sensory axons is
better explained by a combination of a modest increase
in the maximal conductance of Ih of 39% and more
importantly a 13.1 mV depolarizing shift in Bq, the voltage
activation of the conductance underlying Ih (see Table 1).

There was a lower expression of nodal slow K+ channels
in the sensory model which alone depolarizes the RMP

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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by 2.1 mV, and this is consistent with earlier studies that
have hypothesised that reduced K+ channel expression
contributes to increased susceptibility to ectopic activity
in sensory axons (Kocsis et al. 1986; Baker et al. 1987).

The nodal and internodal pump currents are modelled
here as constant (DC) currents. The modelled currents are
clearly not solely due to hyperpolarizing Na+/K+-ATPase
activity as they are in the opposite direction, that is,
depolarizing (shifting RMP by +1.8 mV). The combined
effect of the reduction in slow K+ channel expression, the
increased Ih current and the depolarizing ‘pump’ current
is to depolarize the nodal RMP of sensory above motor
axons by +4.1 mV.

The modelling in the present study found no differences
between sensory and motor axons in the overall expression
of Na+ channels, nor in the percentage of channels that
are in a persistent state, in contrast with the 2.5:1 ratio
proposed by Bostock & Rothwell (1997). This may in
part be due to the relative depolarization of the resting

membrane potential of the sensory model in this study.
Differences in the kinetics of the transient (fast) Na+

channels, namely slower activation and faster inactivation
in sensory axons counteract any broadening of the action
potential width due to a lower expression of nodal slow
K+, and also support the hypothesis that the reduced
superexcitability in sensory axons is due to a narrower
action potential (Mitrović et al. 1993; Honmou et al. 1994;
Kiernan et al. 2001; McIntyre et al. 2002).

Can the differences between sensory and motor axons
be explained by the consequences of changing a single
parameter? To test whether the difference in RMP was the
key factor, we determined how well the sensory data were
fitted by the motor model depolarized by 4.1 mV (Table 1).
This lengthened the strength–duration time constant (as
in sensory axons; error improved by 95%), but the error
for all other measures was greater (threshold electrotonus,

A B

DC

Figure 7. Individual motor nerve recordings and motor model
Individual motor nerve recordings (n = 10) of extended threshold electrotonus (A) (conditioning levels of ±20%,
±40%, −70% and −100% of unconditioned threshold), and I–V (C) (for clarity, only the 200 ms conditioning
stimulus data is displayed). Threshold electrotonus (B) and I–V (D) as generated by the motor axon model with
variation of V0.5 for Ih from −87.3 to −127.3 mV in 5 mV steps.
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recovery cycle, and current–threshold relationship; error
worse by 22%, 125% and 4%, respectively). Similarly
hyperpolarizing the sensory model failed to reproduce the
motor findings.

To test whether the difference in slow potassium current
(and the consequent difference in resting membrane
potential) was the key factor, we reduced the nodal slow
potassium conductance (GKsN) in the motor model from
56.7 nS to 29.1 nS (Table 1). Again strength–duration time
constant lengthened (94% reduction in discrepancy),
but the error for all the other measures was greater
(threshold electrotonus, 58%; recovery cycle 52171%
(much broader action potential); current–threshold
relationship, 31.6%).

Discussion

This study compared the accommodative responses of
sensory and motor axons to strong and long-lasting hyper-
polarization for the first time, recorded in the same
session, using the same control test stimulus width, and
has documented the variability in accommodation seen
between subjects. The results indicate that, while sensory
axons accommodate to hyperpolarization more efficiently,
motor axons can ‘catch up’ with longer and stronger hyper-
polarization. The Bostock model of a motor axon was
adapted to incorporate the new Ih data, and a model of
human sensory nerve was developed. The modelling was
used to quantify differences in various excitability indices
for sensory and motor axons, and suggests that differences
in channel gating may be as important as differences in
channel expression in explaining the behaviour of sensory
and motor axons.

Technical issues

Even though minimising the impedance of the skin
electrode interface gave lower conditioning current
intensities, unintended stimulation occurred in some
axons within the first 20 ms of strong hyperpolarization.
This often occurs for the strongest hyperpolarization
levels in current–threshold relationships (unpublished
observations), though its effect on the excitability tested
some 200 ms later is probably small, and is most likely
the consequence of virtual cathodic stimulation (Basser &
Roth, 2000; Holsheimer, 2003).

Insights from mathematical modelling

The new models of axonal excitability were used to
clarify the basis of Ih activity in sensory and motor
axons. Figure 8A, shows the modelled Ih currents during
hyperpolarizing threshold electrotonus. The Ih currents
for 40% hyperpolarization qualitatively agree with the

traditional view that sensory axons have a larger Ih

conductance (Bostock et al. 1994; Lin et al. 2002). At
the end of the 70% hyperpolarization, however, the
magnitude of Ih is approximately the same for motor and
sensory axons, and for the 100% hyperpolarization, Ih

in motor axons exceeds that in sensory. Ih is modelled
here using a Hodgkin–Huxley formulation style and,
in accordance with Ohm’s law, the current is simply
the product of the instantaneous conductance (Fig. 8B)
and the electrochemical driving force (Fig. 8C) for HCN
channels (Hodgkin & Huxley, 1952). Figure 8B suggests
that the number of channels conducting Ih in sensory
axons is greater than in motor axons, at least for these
hyperpolarization levels. Because motor axons hyper-
polarize more they are subjected to a greater electro-
chemical driving force and thereby a larger Ih current
flows with strong hyperpolarization (Fig. 8C).

Figure 8D demonstrates that the leak current across
the internodal axolemma is considerably larger in the
motor axons. Much as for Ih, this is due to both a
larger maximal conductance and a larger driving electro-
motive force (difference between the instantaneous and
resting internodal membrane potentials) in motor axons.
It is likely that a component of this leak current is
due to slower otherwise unmodelled HCN isoforms.
Interestingly, unlike the situation in voltage-clamped
studies, the time course of the current flowing through
slowly gated channels is largely determined by the
instantaneous membrane potential. If indeed the leak
current partially represents ‘slow’ HCN channels, it can
be seen in Fig 8D that this current will parallel the degree
of hyperpolarization. A similar logic underpinned our
suggestion in a previous report that slow K+ currents
make a significant contribution to the extent and duration
of refractoriness and of superexcitability following a
discharge (Burke et al. 2009).

Similarly, the depolarizing nature of the ‘pump’ currents
as modelled here is likely to be due to a tonic depolarization
not otherwise modelled. Again this is suggestive of a very
slowly gated depolarizing current active at rest, such as
one of the slower isoforms of HCN channels.

This study suggests that, leak and pump currents
aside, the differences in response to hyperpolarization
between motor and sensory axons are best explained by
modulation of the voltage activation of the fastest HCN
isoform, presumably HCN1. However, the differences in
Bq (the voltage of half-activation) between motor and
sensory axons and the range of modulation of Bq required
to replicate the variability in accommodation seen in
different subjects are greater than can be explained by
cAMP alone. It is possible that the mechanism behind
regulation of Ih function involves an allosteric activator
such as the phospholipid PIP2 (phosphatidylinositol
4,5-bisphosphate; Pian et al. 2006, 2007), which may
also be required to bring the voltage activation of
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HCN channels into a physiological range (Zolles et al.
2006).

In summary, more of the ‘fast’ HCN isoform under-
lying Ih appears to be open at rest in sensory than
in motor axons, and is thus able to participate more
readily in limiting further hyperpolarization. In contrast
motor axons appear to have a greater internodal leak
conductance, which may be due to slowly activated HCN
isoforms.

Other mechanisms that influence the action potential
and the depolarizing afterpotential

Bostock & Rothwell (1997) concluded that the difference
in latent addition between sensory and motor axons is
due to a greater persistent Na+ current in sensory axons,
and they modelled this by an increase in the fraction
of Na+ channels functioning in the persistent mode.

However, they noted that: ‘latent addition in depolarized
motor fibres was indistinguishable from that in normal
sensory fibres, both in our model and in vivo, so that
although we have modelled the motor-sensory difference
by a difference in density of threshold channels, our
results are also compatible with the sensory fibres being
relatively depolarized . . .’ . Persistent sodium currents
can be recorded in DRG neurones and motoneurones
and in their axons (Baker & Bostock, 1997; Tokuno
et al. 2003; Li et al. 2004), but there are no comparative
data on the relative numbers of channels operating in a
persistent mode. The present results favour the alternative
suggestion by Bostock & Rothwell (1997), though relative
depolarization is insufficient to explain all the differences
between sensory and motor axons.

The modelling indicates a reduction in the maximum
slow K+ conductance of sensory axons which would
broaden the action potential. However this broadening is

Figure 8. Modelled changes in Ih and internodal leak current during hyperpolarization
Mathematical model simulation of changes in Ih (A), conductance of HCN channels (B), electrochemical driving
force for HCN channels (i.e. the difference between internodal membrane potential and the equilibrium potential)
(C), and leak current across the internodal membrane (D), during threshold electrotonus (for conditioning levels
of −40%, −70% and −100% of control threshold) in motor (continuous line) and sensory (dashed line) models.
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more than compensated for by a slowing of the activation
of and an acceleration of the inactivation of transient
Na+ channels (Mitrović et al. 1993; Honmou et al. 1994).
This overall narrowing of the sensory action potential was
suggested by McIntyre and colleagues (2002) as a means
of explaining the apparent paradox of reduced super-
excitability (after an action potential) despite an increased
persistent Na+ current in sensory fibres. Stephanova
& Mileva (2000) proposed an increased expression of
nodal fast K+ channels as a mechanism for a smaller
depolarizing afterpotential in sensory axons. In contrast
our modelling suggests no difference in the expression
or kinetics of fast K+ channels between modalities. It
is worth noting, however, that this model requires a
small stabilising population of ‘nodal’ fast K+ channels.
Although there is no evidence for their existence at the
node, fast K+ channels could still participate in the
dynamics of nodal excitability through pathways which
access juxtaparanodally located K+ channels (Barrett &
Barrett, 1982; Kocsis et al. 1986; Mierzwa et al. 2010).

Functional implications

This study supports the view that resting membrane
potential is more depolarized in sensory axons, the
model suggesting by 4.1 mV. Factors in this depolarizing

shift of RMP are the reduction in nodal slow K+

(+2.1 mV), a further depolarization of the ‘pump’
current (+1.8 mV, probably due to slowly gated HCN
channels), and increased expression and depolarization
of the voltage dependence of Ih (+0.5 mV). In turn, the
relative depolarization can explain the previously reported
differences in INaP, then attributed to a difference in the
percentage of Na+ channels that inactivate slowly, if at
all. In addition this shift in resting membrane potential
is a factor in the longer strength–duration time constant,
decreased superexcitability, increased resting I–V slope
and the lower TEd90–100 of sensory axons. However, the
modelling suggests that the differences between sensory
and motor axons cannot be explained by this change
in RMP, or a change in other single properties, and the
secondary consequences thereof.

It is often stated that the lower electrical threshold for
sensory axons than motor is related to size. The present
data provide no support for this view and, instead, suggest
that the greater excitability reflects properties such as the
currents active at rest (slow K+, persistent Na+ and Ih)
and their influence on RMP.

There are at present no localisation data on HCN iso-
forms on human peripheral axons, and scant data for other
mammals. The present findings implicate HCN1 in both
sensory and motor axons but, in addition, raise the distinct
possibility of ‘slow’ isoforms on both motor and sensory
axons.

Appendix

Membrane Potentials:

dE /dt = −(INa + IKf + IKs + ILk + Ipump + Iexternal + IBB)/(Cn + Cmyelin)

dE ∗/dt = −(IKf∗ + IKs∗ + Ih + Ipump∗ + ILk∗ − IBB − Cmyelin × dE /dt)/Cax

Currents:

INa =
PNa

(
m3h + PNaP

100
m3

p

)
E F 2

RT

(
SelNa

(
[Na]o − [Na]i e

E F
RT

)
+ (1 − SelNa)

(
[K]o − [K]i e

E F
RT

))
(

1 − e
E F
RT

)

IKf = G Kf n4(E − E Kf ) IKf∗ = G Kf n∗4
(E ∗ − E Kf ) IBB = G BB(E − E ∗)

IKs = G Kss(E − E Ks) IKs∗ = G Ks∗s∗(E ∗ − E Ks) ILk = G Lk(E − E r)
Ih = G hq(E ∗ − E h) ILk∗ = G Lk∗(E ∗ − E ∗

r )

Reversal potentials:

E x =
ln

(
[K]o + Selx [Na]o − Selx [K]o

[K]i + Selx [Na]i − Selx [K]i

)

FRT
, for x = K f , K s, h
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Table 2. Voltage and time dependent parameters for the rate
constants, α and β for motor and sensory (bracketed values)
axons

A (ms−1, at 36◦C) Q10 B (mV) C (mV)

αm 6.54 (6.25) 2.2 −18.5 (−18.3) 10.3
βm 0.302 (0.289) −22.8 (−22.6) 9.16
αmp 3.27 (3.13) −36.5 (−36.3) 10.3
βmp 0.151 (0.145) −40.8 (−40.6) 9.16
αh 0.126 (0.153) 2.9 −115.1 (−113.8) 15.6 (11.9)
βh 8.60 (10.5) −32.9 (−31.6) 19.0 (14.5)
αn 0.0221 3.0 −90.8 7.7
βn 0.0393 −73.6 7.35
αs 0.00563 −23.5 12.7
βs 0.00341 −91.1 11.7
αq, βq 0.00522 −107.3 (−94.2) −12.2

The key differences (bold) between sensory and motor axons are:
(i) slowing of the Na+ activation gate (α↓m, β↓m), (ii) acceleration
of the Na+ inactivation gate (α↓h, β↓h) and (iii) depolarization of
the Ih voltage activation (α↓q, β↓q).

Channel selectivities:

SelNa = 0.9, SelKf , SelKs = 0, Selh = 0.097

Ion concentrations:

[Na]i = 9, [Na]o = 144.2, [K]i = 155, [K]o = 4.5mM,

Capacitances :

Cn = 1.4, Cmyelin = 1.55, Cax = 327pF

Channel gating:

dm

dt
= αm (1 − m) − βmm

and similarly for mp, h, n, s, n∗, s∗, q

αm, αmp , αn, αs = A (E − B)

1 − e(B−E )/C

αh, βm, βmp , βn, βs = A (B − E )

1 − e(E −B)/C

βh = A/(1 + e(B−E )/C)

αq = Ae(E −B)/C

βq = A/(e(E −B)/C)

The rate constants (A) and the voltage dependent
parameters (B,C) are listed in Table 2.
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